Polybenzimidazole dissolved in dimethylacetamide has been studied by 1 H and 13 C one and two dimensional NMR methods to investigate the polymer-solvent interactions. The resonance signals have been fully assigned, giving a complete picture of the present species and allowing a study of the involved dynamic processes. The results have been correlated with the formation of H-bonds, and with the presence of tautomeric processes in the polymer.
One fundamental component of a fuel cell (FC) is the electrolyte, which separates the electrocatalytic active sites of cathodes and anodes. Polymer Electrolyte Membrane FCs (PEMFCs) based on Nafion or other perfluorosulphonated polymers are extensively used, although with two main limitations: the high cost and the necessity to fully hydrate the membranes to keep the proton conductivity high. 1, 2 This limits the working temperature to below ca. 100 1C at ambient pressure, because the membrane dehydrates and the conductivity decays sharply above this temperature. However, recent developments on self-humidifying polymer electrolyte membranes using highly dispersed nanometer-sized Pt and/or metal oxides provide promising results in this respect. 3, 4 High working temperatures would benefit PEMFC performance because of a higher CO tolerance, faster electrode kinetics and the existence of residual heat useful for energy cogeneration. 5, 6 In the last few decades, many non-fluorinated polymeric membrane materials have been considered as alternatives to Nafion. 7 Acid-doped poly(2,2 0 -(m-phenylene)-5,5 0 -bibenzimidazole) (PBI) has been studied as a system to be used in High Temperature Polymer Electrolyte Membrane FCs (HT-PEMFCs). It can be used at temperatures as high as 200 1C without humidification. [8] [9] [10] [11] [12] [13] PBI is a polymer containing a basic functionality that allows the uptake of acid, which is responsible, and required, for proton conduction (see Fig. 1a for the chemical structure of the repeating unit). The formation of dynamic hydrogen bonding networks, in which protons can readily transfer by hydrogen bond breaking and forming processes, seems to be the determining step for high proton conduction. 9 Various approaches have been attempted so far to characterize the membrane. Very recently Sannigrahi et al. have demonstrated the existence of the hydrogen bonding network in a PBI gel membrane using FT-IR, Raman, NMR and X-ray structural analysis. 14 Fig. 1 (a) Chemical structure of the repeating units of polybenzimidazole, PBI, and peak assignment. (b) One-dimensional 13 C NMR spectrum of PBI in DMAc. The spectrum is recorded at 70 1C using D 2 O as reference. Unlabeled NMR peaks are side products. See Table 1 for the chemical shift assignment of the NMR resonances.
Most recently we have shown the use of Raman spectroscopy as a tool to study PBI-type polymers. 15 1 H-NMR spectra have been extensively used to elucidate the interaction of PBI with solvents. [16] [17] [18] [19] In particular, during the last few decades, the 31 P and 1 H-NMR resonances have been analysed to explain the mass transport processes in phosphoric acid-doped PBI and to investigate the unresolved question of the dominating proton conduction mechanism. [20] [21] [22] [23] [24] [25] In the present study, for the first time to the best of our knowledge, we report a 13 C-NMR characterization of polybenzimidazole dissolved in dimethylacetamide. Using heteronuclear 2D-NMR experiments, we correlated the 13 C signals with those of the protons and we obtained detailed and complete peak assignment. This information is of fundamental importance to understand the structure of the polymer and its interaction with polar solvents, which form the necessary hydrogen bonds for proton conduction in fuel cells.
The 13 C 1D-NMR spectrum of polybenzimidazole dissolved in DMeAc is shown in Fig. 1b along with the chemical structure of the repeating units of PBI and the peak assignment.
Proton NMR spectra of a series of pyridine-based polybenzimidazole homo-and random-copolymers have been recently recorded by Sannigrahi et al. They have reported detailed spectral analysis to establish the polymer structure. 16 Previously, they have reported the proton NMR spectrum of PBI in DMSO-d 6 17 which is consistent with the earlier reports. 19, 26 In addition to their conclusions, we consider the NMR signals of a series of phenylbenzimidazole monomeric compounds differently substituted by halogens and methyl groups. 27 On the basis of these data, we tried a tentative assignment of our 13 C-NMR signals. In Fig. 2 a representative 1 H-NMR spectrum of PBI in DMeAc is presented.
To confirm our assignments and for a more detailed spectral analysis, we performed a series of two dimensional NMR experiments on PBI dissolved in DMAc. In Fig. 3a , the Heteronuclear Single Quantum Coherence (HSQC) spectrum of PBI is reported. Each cross peak represents a bonded C-H pair, with its two coordinates related to the chemical shift of the corresponding H and C atoms. Moreover, we used a homonuclear correlation spectroscopy (COSY) experiment to identify 1 H spins coupled to each other. Fig. 3b shows the COSY spectrum of PBI. Due to magnetization transfer phenomena, cross peaks appear off diagonal. Finally, to detect heteronuclear correlations over longer ranges of about 2-4 bonds, we performed Heteronuclear Multiple-Bond Correlation experiments (HMBC, Fig. 3c ). The final peak assignment is summarized in Table 1 .
Of particular interest in Fig. 2 is the peak at 13.3 ppm, which we attribute to the imidazole proton H k . From its high chemical shift value some important issues can be derived. The chemical shift depends on variations in the electron distribution around the observed nuclei. In general, ring currents are very significant in determining how much a nucleus is shielded from the Table 1 for the chemical shift assignment of the NMR resonances. effects of the external field. The stronger the deshielding effects on the nucleus are, the higher the value of d will be. Moreover, the presence of H-bonds has a strong deshielding effect. The chemical shift of the H k proton of PBI cannot be explained only in terms of ring current effects; H-bonding between PBI chains and between PBI and solvent molecules plays a dominant role. Indeed, it is not uncommon for the chemical shift of hydrogens in molecules to increase by a few ppm by the formation of hydrogen bonds. 28 The H k signal shows a very broad line (linewidth at half height B1.3 ppm). As discussed later, we consider an exchange process of the k-proton between the two nitrogen sites of the imidazole unit competitive to the formation of hydrogen bonds.
The typical broadened appearance of the N-H proton signals can be ascribed to three main sources: (i) partially averaged scalar coupling to neighbouring protons, (ii) intra-or inter-molecular exchange with other NH or OH protons, and (iii) partially coalesced coupling to the quadrupolar 14 N-nucleus (I = 1), which usually has a short T 1 . The formation of hydrogen bonds between PBI and polar solvents is well established but still a topic of lively discussions in the fuel cell community because of the only partial understanding of the dominating mechanism of proton conduction in such polymer membranes. Parallel to the bulk ion transport mechanism (movement of polymer chains), the three dimensional H-bonded network provides a medium in which proton hopping (the Grotthuss mechanism) plays an important role. 20, 29 Our NMR analysis supports the hypothesis of exchange phenomena in polybenzimidazole dissolved in dimethylacetamide: the basic functionality of PBI allows the uptake of acid and both proton donor (-NH-) and proton acceptor (-NQ) hydrogen bonding sites can exhibit specific interactions with polar solvents and/or other PBI units.
In addition, we consider the chemical behaviour of a simple benzimidazole (BI) molecule dissolved in a generic polar solvent. The exchange phenomena observed above for PBI are correlated to the tautomerism exhibited by BI and extensively described in the literature. 30 A very fast exchange process of proton H k occurs between the two nitrogens of the ring. The two possible tautomeric forms would be sterically identical so that positions i/j and c/h would be chemically equivalent in a monomeric benzimidazole ring. Because of unsymmetric molecular substitutions, the two sites become different, so that separate resonances are detectable in our NMR spectra of the polymeric form of benzimidazole ( Fig. 1-3 ). Nevertheless, in the 13 C NMR spectrum of PBI, together with very sharp resonance peaks, three very broad signals at B140 and B115 ppm are identified (Fig. 1b) . The formation of hydrogen bonds, with the solvent surrounding the polymer, limits the free dynamics of the tautomeric process and slows down the proton exchange in the imidazole ring. Consequently, using the same reasoning as for the interpretation of NMR signals of the H k protons, the three broad peaks in the 13 C spectrum of Fig. 1b were attributed to atomic positions influenced by proton dynamic phenomena. From the NMR spectra, we can determine not only the isotropic chemical shifts, but also derive some conclusions on the dynamic behaviour and coordination of the nuclei involved in the H-bonds on the basis of the chemical shielding effects. Accordingly, the methodology used in our study provides a sensitive probe for the electronic environment and molecular mobility of diagnostic nuclei.
The assignment of the broad NMR peaks to carbons C i , C j and C b , is consistent with the presence of two tautomeric forms with different chemical environments for the three carbons. In support to this conclusion is the detection of no broadening for the resonance signals of C h and C c . It is interesting to note the sharpness of the C a peak, despite its proximity to the hydrogen bonding sites. C a is directly bound to both imidazole nitrogens involved in the tautomeric process. Its chemical environment is not affected by the different structures caused by the tautomeric conversion and a very sharp signal at 137.5 ppm is observable.
Finally, to elucidate the proton exchange processes we have carried out temperature-dependent 1 H-NMR studies in the range between 10 and 70 1C. Fig. 4 shows the variation of the proton NMR spectrum of PBI dissolved in DMeAc at five different temperatures. The spectra were normalized with the peak centered at 8.63 ppm. An upfield shift of the imidazole H k proton signal is observed with increase in temperature. The H k signal is displaced from 13.3 ppm to 13.9 pm as the temperature is increased from 10 to 70 1C. The gradual shift is quantitative as reported in Fig. 5 a monotonic decrease. For the other proton signals no shift is observable ( Fig. 4) .
and shows
PBI possesses both proton donor (-NH-) and proton acceptor (-NQ) hydrogen bonding sites, which exhibit specific interactions with protic and aprotic polar species. The NMR findings are interpreted in terms of electric dipole moments induced in PBI by the electric field arising from the solvent dipoles and the surrounding PBI chains. Earlier Sannigrahi et al. have shown the conformational transition of PBI chains in phosphoric acid solution with temperature. 31 At high temperature the aggregated structure of PBI solution breaks and a conformational transition occurs from an extended helical conformer to a collapsed compact coil conformer. H k is a strong hydrogen-bonding proton and therefore it can be argued that the upfield shift of its signal is due to a disruption of the interchain hydrogen bonding at high temperatures. Similar observation and conclusion were made by Sannigrahi et al. for PBI in DMSO-d 6 . 17 In summary, using one and two dimensional NMR methods, we determined the resonance signals of polybenzimidazole in dimethylacetamide. From the shape of some diagnostic peaks, our data support the hypothesis of hydrogen bonding networks between the polymer and the solvent and proton exchange phenomena. The temperature-dependence NMR study gives rise to interesting insights into the intermolecular interactions (interchain hydrogen bonding) between the polymer chains in solution. Finally, the chemical shift assignments provide the spectroscopic basis for a study of the dynamics of certain 1 H and 13 C resonances. Studies in this direction are in progress.
Experimental section
PBI was obtained from FuMA-Tech GmbH, St. Ingbert, Germany, and was additionally purified by heating at 150 1C for 60 min. For NMR measurements, PBI was gradually dissolved in N,N-dimethylacetamide (DMAc, purchased from Merck) under a continuous heating process at 120 1C.
All NMR spectra were recorded using a Varian INOVA 400 MHz NMR spectrometer. Chemical shifts are relative to the residual proton signal of the external deuterated solvent, D 2 O, used as a reference. For the temperature-dependent measurements a solution of 3-(trimethylsilyl)propanoic acid in D 2 O, filled in a capillary, was used as a reference.
